Species distributions may be dramatically affected by climatic variability, such as occurred during Pleistocene glaciation. Populations of coastal organisms could have been affected directly by ice movement or through sea level change. Response could involve shifts in distribution southwards or persistence through the full range or in limited high-latitude refugia. Comparative studies of the response of ecologically similar species can provide a useful complement to those examining response across disparate species in defining what parameters influence persistence. Patterns of mitochondrial genetic variation in 2 estuarine fish subspecies from the Northwest Atlantic, Fundulus heteroclitus macrolepidotus and Cyprinodon variegatus ovinus, indicate that ecological similarity does not necessarily predict propensity for glacial persistence. Fundulus heteroclitus macrolepidotus is highly diverse in glaciated regions, with isolated populations whose origins predate the last glacial maximum and may have recently expanded it's range to the south from New England. However, within glaciated regions, signals of population growth and distributional shifts indicate a dynamic Pleistocene history for F. h. macrolepidotus, in contrast with recent studies involving microsatellites. A different pattern is found in C. v. ovinus, which is depauperate in formerly glaciated sites, with a clear signal of recent recolonization of glaciated regions from the south. Genetic differentiation in glaciated areas is consistent with isolation after glacial withdrawal. In C. v. ovinus, rapidly evolving microsatellite loci show a similar pattern to mitochondrial DNA but may be reaching equilibrium on small spatial scales. These contrasting patterns of variation illustrate how ecologically similar species can respond to large-scale environmental change in distinct ways.
The range of a species or clade is determined not only by current interactions with numerous abiotic and biotic environmental factors but also by the evolutionary history of that species or clade (Wiens and Donoghue 2004) . Species ranges are inherently dynamic and responsive to changes in climate, and it is clear that altered species distributions are one outcome of climate change (Wilson et al. 2005) . As the evolutionary history of many taxa will include numerous episodes of expansion and contraction, the genomes of extant species provide an important repository of comparative information with which to reconstruct and understand these changes.
The Pleistocene was a time of pronounced climatic oscillations with periods of glacial growth, advance, and withdrawal (Lambeck et al. 2002) . In the northern hemisphere, large sections of present-day Europe and North America were overlain by massive ice sheets that precluded habitation by taxa whose present-day distributions include these areas (Pielou 1991) . Two basic scenarios with respect to alterations in species ranges were possible during glacial periods in the northern hemisphere. First, taxa could respond to glacial advance by a southward range shift followed by recolonization of habitat after glacial withdrawal. Alternatively, taxa might persist in high-latitude icefree refugia, with range expansion originating from these refugial sources after glacial withdrawal. In studies of the genetic variation in terrestrial organisms, both these basic patterns have been observed (Hewitt 2000) .
In coastal regions, the morphology of the glacial front could be complex and dependent on underlying topography. Isolated coastal refugia of limited spatiotemporal extent were likely available to organisms that could tolerate what were likely to be extreme conditions. In addition to direct impacts of ice movement, coastal regions would have experienced pronounced effects on available habitat due to changes in sea level (Pielou 1991) . In the formerly glaciated coastal areas of the Northwest Atlantic, loss of rocky intertidal environments was pronounced, and the possibility of a southern refugium was unlikely due to a lack of suitable habitat. This resulted in a common pattern of genetic variation indicating postglacial recolonization of North American sites from less affected European populations of rocky intertidal invertebrates (Wares and Cunningham 2001) . However, some invertebrate species did appear to persist through glacial advance on the North American shoreline, as did the intertidal fish, Pholis gunnellus (Hickerson and Cunningham 2006) . Although initial results suggested a positive correlation between dispersal ability and persistence (Wares and Cunningham 2001) , a meta-analysis of phylogeographic studies did not find dispersal ability or substrate preference (generalist vs. rocky obligate) to be a significant predictor of persistence (Hickerson and Cunningham 2006) .
An alternative approach is to undertake further studies of northwestern Atlantic coastal species with similar life history and ecology to test to what extent similarity in these factors has led to similar evolutionary outcomes in response to pronounced climate change as occurs during glaciation. In this study, we attempt to integrate results from 2 ecologically similar Northwest Atlantic tidal marsh fish species, in particular their northern subspecies, to provide a more detailed picture of their recent evolution and to test comparative hypotheses related to their Pleistocene history of distribution and abundance. The 2 species are the mummichog, Fundulus heteroclitus, and the sheepshead minnow, Cyprinodon variegatus, which belong to the suite of small fishes restricted throughout their lifecycle to estuarine habitats (Pearcy and Richards 1962; Nordlie 2003) . These euryhaline species have substantially overlapping ranges and often co-occur in brackish tidal marshes and creeks and may range upriver into low salinity or even freshwater environments (Chidester 1920; Massman 1954; Nordlie 2003) . Both have limited dispersal capabilities (Lotrich 1975; Skinner et al. 2005; Able et al. 2006) . However, the range limits of the northerly distributed subspecies, Fundulus heteroclitus macrolepidotus and Cyprinodon variegatus ovinus, do differ. Cyprinodon variegatus ovinus ranges from North Carolina to Cape Cod, MA, and F. h. macrolepidotus from Connecticut to Newfoundland (Morin and Able 1983; Able and Felley 1986; Finne 2001) . This difference in distribution is consistent with distinct evolutionary scenarios.
First, both species may have spent the most recent glacial advance in a refugium south of the ice margin and recolonized after glacial withdrawal, as, unlike in many Northwest Atlantic rocky intertidal organisms, appropriate marsh habitat would have been available to the south. Recolonization would then proceed from the south into formerly glaciated regions following ice withdrawal. A model of recent colonization of formerly glaciated coastal areas in southern New England does appear to fit patterns of mitochondrial genetic variation in C. v. ovinus (Haney et al. 2007) . If a similar model of postglacial recolonization from a southerly refugium also holds for F. h. macrolepidotus as previously hypothesized (Ropson et al. 1990; Smith et al. 1998) , we would expect a similar spatial distribution of mitochondrial variation as in C. v. ovinus, with more diverse populations south of the ice sheet and a cline in genetic diversity into glaciated regions, with northern populations containing a subset of variation found in southern populations. Signatures of recent population growth may also be expected, especially in recently recolonized sites.
The alternative to postglacial recolonization would be persistence in glaciated regions of one or more populations of C. v. ovinus and F. h. macrolepidotus through glacial advance. Although the pattern of mitochondrial variation in C. v. ovinus along coastal southern New England seemed best explained by a postglacial expansion scenario, a single population sampled in Narragansett Bay was genetically divergent, leaving open the possibility of divergence within a limited northern refugium in this species. In F. h. macrolepidotus, Adams et al. (2006) proposed a scenario under which persistence did not appear to be limited to spatially restricted ice-free refugia but instead involved long-term stable populations throughout the current wide range of this subspecies in formerly glaciated regions. This scenario was supported by a weak pattern of isolation by distance in microsatellite data across populations within the glaciated portion of the subspecies range, together with lack of support for population bottlenecks.
Lastly, the 2 subspecies could show divergent outcomes with regards to recent recolonization versus persistence through glacial cycles, with one species a recent colonist, and the other showing longer residence times that predate glacial withdrawal. More complex scenarios involving some combination of persistence and distributional changes within one or both species could also have occurred.
In this study, in order to test among these scenarios, we first undertake dense spatial sampling to examine the patterns of genetic differentiation and the spatial extent of genetic isolates. We make use of the genealogical information in mitochondrial sequence data to carefully assess what changes in distribution and abundance in C. v. ovinus and F. h. macrolepidotus have occurred due to Pleistocene climate change and to provide an estimate of the age of these events. Although the dates of population establishments and divergences within glaciated regions are key to discriminating among glacial persistence versus postglacial recolonization, no attempt to establish these dates has been made previously. We determine approximate times of establishment for glaciated area populations and date glacially restricted divergences from both species to test whether the origins of any populations within formerly glaciated regions predate the last glacial maximum (LGM) at approximately 20 000 years before present (ybp; Pielou 1991) and whether persistence may have involved widely distributed, stable populations, or reduced populations in spatially restricted refugia.
Lastly, we add microsatellite data from C. v. ovinus, allowing for an independent estimation of gene flow and historical demographic parameters to corroborate hypotheses on the history of occupation of previously glaciated sites for this subspecies. Furthermore, this provides mitochondrial and microsatellite datasets for both C. v. ovinus and F. h. macrolepidotus (Adams et al. 2006 ) and allows us to compare how the use of molecular markers that differ in ploidy, inheritance, and mutation rate can affect our inference of evolutionary history in these 2 subspecies.
Materials and Methods
Individuals of C. variegatus and F. heteroclitus were collected by dip netting, seining, or in minnow traps from 15 (F. heteroclitus) and 7 (C. variegatus) sites along the Atlantic coast of the United States from New Jersey to New Brunswick, Canada (Table 1; Figure 1 ). This sampling includes the formerly glaciated segments of the range of each species, plus 2 sites just south of the furthest glacial extent. In C. variegatus, all sites sampled were within the range of the northern subspecies C. v. ovinus, whereas for F. heteroclitus, the 2 most southerly sites sampled in New Jersey fall within the northern part of the range of the southern subspecies F. h. heteroclitus. Five of the 7 sites for C. v. ovinus were sampled previously (Haney et al. 2007 ). We have added 2 sampling sites for C. v. ovinus within Narragansett Bay to determine whether a previously discovered genetically differentiated population in the bay was an artifact of sampling, to examine gene flow on small spatial scales, and to better delineate the extent of the isolated population.
Laboratory Techniques
Genomic DNA was extracted from muscle tissue using a DNeasy kit (Qiagen, Rockville, MD).
Polymerase chain reaction (PCR) amplification of a portion of the mitochondrial control region of F. heteroclitus was initially performed with primers K and E described in Lee et al. (1995) . The thermal profile for the amplification was as follows: initial denaturation at 94°C for 2 min, 40 cycles of 94°C for 30 s, 50-55°C for 30 s, and 72°C for 40 s, followed by a final extension at 72°C for 6 min. To improve amplification, internal primers were designed based on sequences obtained (FHCRF1: 5#-CCCCACCCC-TAGCTCCCAAAGC-3#, FHCRR1: 5#-GTCCCTGACCA-TCAATAAACGTATTCA-3#). Amplification conditions for this primer pair were as follows: initial denaturation at 94°C for 2 min, 40 cycles of 94°C for 30 s, 58°C for 30 s, and 75°C for 40 s, followed by a final extension at 75°C for 6 min. As a homopolymeric tract close to the position of the forward primer confounded sequencing, sequences were obtained with the reverse primer only. To investigate sequence reliability, we resequenced 34 individuals, all of which were identical to the original sequence. For C. variegatus, PCR amplification of a portion of the mitochondrial control region was performed following a previously published protocol (Haney et al. 2007) . PCR products were sequenced in the forward direction. For this Figure 1 . Mitochondrial haplotype frequencies in populations of Fundulus heteroclitus macrolepidotus (A) and Cyprinodon variegatus ovinus (B). In both species, light blue indicates the frequency of the numerically most common haplotype considering the entire dataset, whereas red represents the second most common haplotype. For F. h. macrolepidotus, yellow and green represent the frequencies of the second, third, and fourth overall most common haplotypes at each site. Dark blue indicates the frequency of private haplotypes at each site. At Wiscasset, ME (WSME), the frequency of private haplotypes is denoted by the sum of the areas of the green and dark blue regions as the numerically fourth most common haplotype in the dataset is a private haplotype at this location. Orange indicates the frequency of all other haplotypes at a site besides those described above. For C. v. ovinus, light yellow indicates other haplotypes and the graph for NBRI is a pooled sample for 3 sites in Narragansett Bay. study, sequences from 35 individuals from 2 populations in Narragansett Bay, RI, were added to data previously obtained for C. v. ovinus.
We screened 24 sets of microsatellite primers designed for use in western pupfish species (Burg et al. 2002) for use in C. v. ovinus. Of these, we identified 3 sets that gave reliable amplification in all populations and were variable (GATA2, GATA26, and GATA73). PCR amplification protocols for these 3 loci were as follows-GATA73: 94°C for 2 min, 43 cycles of 94°C for 20 s, 45-47°C for 20 s, 72°C for 30 s, and final extension at 72°C for 15 min; GATA26: 94°C for 2 min, 42 cycles of 94°C for 20 s, 50°C for 20 s, 72°C for 30 s, and final extension at 72°C for 15 min; and GATA2: 94°C for 2 min, 42 cycles of 94°C for 20 s, 50°C for 20 s, 72°C for 30 s, and final extension at 72°C for 15 min.
Sequence Alignment, Phylogenetic, and Population Genetic Analysis
Sequences were assembled in Sequencher (Gene Codes Corporation, Ann Arbor, MI) and aligned in Bioedit (Hall 1999) . All distinct control region haplotypes identified in F. heteroclitus were deposited in Genbank under accession numbers EU796375-EU796423.
Haplotype networks for F. h. macrolepidotus and C. v. ovinus were constructed under a statistical parsimony criterion (Templeton et al. 1992 ) with TCS 1.21 (Clement et al. 2000) . Ambiguous connections in the network were resolved using the criteria of Crandall and Templeton (1993) .
Genetic differentiation among sites was assessed by calculating pairwise F st values following Hudson et al. (1992: Equation 3 ) and the S nn statistic of Hudson (2000) . S nn is a sequence-based statistic that measures how often nearest neighbors in terms of sequence divergence are found in the same location. Significance of the S nn statistic was determined by permutation test in DNAsp v. 3.99 (Rozas J and Rozas R 1999) with 1000 replications and gaps excluded in pairwise comparisons.
Dating Population Divergence
In order to test whether the F. h. macrolepidotus or the C. v. ovinus mitochondrial data violated a molecular clock assumption, we obtained the likelihood scores for the haplotype phylogeny with and without clock enforcement in PAUP 4.0b10 using the best-fit model of sequence evolution. We then performed a likelihood-ratio test by comparing 2 times the difference in log likelihoods to a chisquare distribution with degrees of freedom (df) equal to the number of haplotypes minus 2.
We applied a Bayesian/likelihood approach to the estimation of divergence times of distinct populations identified through analysis of genetic differentiation under 2 distinct models, strict isolation (migration 5 0) and isolation-with-migration, using the program IM (Nielsen and Wakeley 2001; Hey and Nielsen 2004) . Parameter estimates, including divergence time and migration rates, were obtained for 3 replicate runs of a Metropolis-coupled Markov chain Monte Carlo simulation with burn-in of 1 000 000-2 000 000 steps and length 5 000 000-30 000 000 steps. Multiple runs under both models for each pairwise comparison were performed with varying random number seeds to assess consistency of estimates. Twenty chains were run simultaneously under a geometric heating scheme. Convergence was evaluated by autocorrelations among parameters and effective sample size estimates (ESS) for each parameter. Results for a given run were only recorded if ESS for all parameters exceeded 500.
Conversion of divergence dates to years was accomplished using a per gene mutation rate of 1.13 Â 10 À5 substitutions per gene per year for C. v. ovinus and 6.87 Â 10 À6 substitutions per gene per year for F. h. macrolepidotus, assuming a generation time of 1 year. These figures are derived from the clock calibration of 2.5% per million years for C. variegatus (Echelle et al. 2005) applied to both species and corrected for differences in sequence length. For F. h. macrolepidotus, this is the phylogenetically closest available calibration as both C. variegatus and F. heteroclitus are oviparous families in the order Cyprinodontiformes (Nelson 1994) .
Historical Demographic Analysis
Haplotype and nucleotide diversity were calculated for mitochondrial datasets in DNAsp v. 3.99 (Rozas J and Rozas R 1999) . We tested whether the pattern of observed polymorphism within populations is consistent with a neutral equilibrium Wright-Fisher model using Fu's F s (Fu 1997) , computed as ln (S#/1 À S#) where S# is the probability of having no fewer than the observed number of alleles conditioned on h estimated from the average number of nucleotide differences. This statistic takes on a negative value with an excess of rare haplotypes. Such a finding may occur under scenarios of background selection, selective sweeps, or population expansions. However, F s has proved to be the most sensitive statistic with respect to demographic expansion (Fu 1997; Ramos-Onsins and Rozas 2002) . One thousand replicates of a coalescent simulation were used to determine the empirical distribution of the test statistic and to calculate confidence intervals and the significance level of the observed value in DNAsp v. 3.99 (Rozas J and Rozas R 1999) . We further explored the history of population size using the program Fluctuate v. 1.4 (Kuhner et al. 1998) . This program implements a MetropolisHastings genealogy sampling approach to obtain joint maximum likelihood estimates of h and the population growth parameter g under an exponential growth model. Estimates of time to 1% of current population size as a proxy for time of establishment of a particular population were obtained from the equation for exponential growth using a control region mutation rate of 2.5 Â 10 À8 per site per year. All estimates are averages from 3 independent runs of 10 short chains of 1000 steps and 2 long chains of 100 000 steps, using Watterson's (1975) estimate of h as a starting value.
We tested for a correlation between genetic and geographic distance by Mantel test in IBD 1.5.2 with significance assessed by 10 000 randomizations (Bohonak 2002) . Both F st /1 À F st and mean Kimura 2-parameter distance with gamma correction were used as genetic distances between sites for F. h. macrolepidotus, whereas only mean Kimura 2-parameter gamma-corrected distances among sites were used for C. v. ovinus, as in several pairwise comparisons, F st was undefined due to a complete lack of variation in the 3 Narragansett Bay sites. Linear regressions were also performed to test for correlations between various diversity parameters and latitude.
Microsatellite Data
Hardy-Weinberg equilibrium for microsatellite loci within population samples was tested using smallf as an estimator of F is (Weir and Cockerham 1984) , with significance determined by comparison to a distribution of the test statistic generated by 5000 randomizations of alleles over samples for each locus. Expected heterozygosity (H E ) and allelic richness (AR), a standardized measure of number of alleles sampled per population, were also calculated in Fstat version 2.9.3 (Goudet 2001) .
Overall and pairwise R st (Slatkin 1995) values were estimated by q in RSTCALC (Goodman 1997) , and exact tests for population differentiation over all populations and for each possible pairwise comparison were carried out using the likelihood G statistic with significance determined by 5000 permutations of alleles or genotypes among populations (Goudet et al. 1996) in Fstat v. 2.9.3 (Goudet 2001) .
Isolation by distance in the microsatellite data was analyzed for all loci combined, with (dl) 2 distances (Goldstein et al. 1995) calculated in RSTCALC used as input and regressed on straight-line distances among sites.
Results
Partial sequences of the mitochondrial control region were obtained from 385 individual F. heteroclitus for this study, of which 57 were obtained from individuals within the northern portion of the range of the southern subspecies, F. h. heteroclitus, with the remainder from sites with the range of F. h. macrolepidotus. Of the 2 New Jersey sites, the most southern, near Goshen (GONJ), contained only southern clade haplotypes (Gonzalez-Villasenor and Powers 1990; Smith et al. 1998 ). The West Mantoloking site (WMNJ), in northern New Jersey, contained both northern and southern clade haplotypes, although it is within the range of F. h. heteroclitus (Morin and Able 1983; Able and Felley 1986) . Northern clade haplotypes from this site were considered as a separate population of F. h. macrolepidotus for the purposes of analysis. The alignment of the F. h. macrolepidotus sequences used for analysis was 275 bp in length and contained 24 variable and 8 parsimony informative sites.
For C. v. ovinus, we obtained 35 additional control region sequences from individuals drawn from 2 sites within Narragansett Bay, RI (NARI and PORI). We combined the newly obtained sequences from the control region of C. v. ovinus to the existing dataset to create an alignment of 177 sequences that was 451 bp in length and contained 10 variable and 9 parsimony informative sites. In both species, the amplified segment represents part of the mitochondrial control region between the tRNA-proline and the first central conserved block identified in other fish species (Lee et al. 1995) .
Mitochondrial Genetic Differentiation within F. h. macrolepidotus
In comparisons of all sites for F. h. macrolepidotus and including the northern haplotypes from WMNJ as a separate population, pairwise F st values ranged from À0.0256 to 0.7451. S nn ranged from 0.4662 to 0.9505. Fifty-three of 91 comparisons were significant after a standard Bonferroni correction for multiple tests (P , 0.0005). The distribution of significant tests after Bonferroni correction delineates 5 genetically distinct groups within the range of F. h. macrolepidotus. Three of these involve individual sites. First, all pairwise comparisons involving MBNB and WSME were significant. Second, 12 of 13 comparisons involving NARI were significant after Bonferroni correction, the exception being the comparison to WLME. In addition, 2 adjacent sites in Cape Cod Bay appear genetically isolated as all comparisons involving WLMA and BSMA were significant except the comparison between these 2 sites. The remaining comparisons not involving these 5 sites were nonsignificant, although they involved 8 dispersed populations of F. h. macrolepidotus ranging from Connecticut to Maine. Haplotype frequencies among these sites were not significantly diverged, and they appear to represent an undifferentiated population that is distinct from the narrowly distributed isolates previously described. Furthermore, no significant differentiation occurred between these 8 sites and the WMNJ population, if only northern clade haplotypes were considered.
Mitochondrial Genetic Differentiation in C. v. ovinus
Values of F st in pairwise comparisons among sites ranged from À0.0309 to 0.9524 for C. v. ovinus. Of 21 comparisons between the 7 sites, 12 values of S nn were significant after Bonferroni correction, all involving Narragansett Bay and sites outside of Narragansett Bay, including other sites in formerly glaciated areas. Comparisons between Narragansett Bay sites were undefined due to lack of variation. Coastal New England (WQCT, WFMA) and New Jersey (WMNJ, TTNJ) sites are not significantly differentiated.
Dates of Divergences within Glaciated Regions
To determine whether the origins of populations within glaciated areas predate the LGM, we examined pairwise divergence times among distinct genetic isolates restricted to formerly glaciated areas.
A comparison of likelihoods for the haplotype phylogenies of F. h. macrolepidotus and C. v. ovinus with and without the assumption of a molecular clock indicates that a clock cannot be rejected for the control region sequence data in either case (F. h. macrolepidotus: 2lnL 5 25.40, df 5 47, P 5 0.99; C. v. ovinus: 2lnL 5 6.501, df 5 10, P 5 0.77).
The point estimate of divergence time under a strict isolation model is approximately 11 000 ybp for the 2 genetically isolated groups of C. v. ovinus populations found within glaciated regions. The lower bound on this estimate is 3000 ybp; hence, both the point estimate and the lower bound postdate glacial withdrawal subsequent to the LGM. For F. h. macrolepidotus populations, all point estimates of divergence time predate the LGM (Table 2) , although most lower bounds postdate the LGM.
We also estimated divergence times between genetically distinct groups under an isolation-with-migration model, allowing for gene flow during the divergence process. Under the default 6-parameter model, several comparisons yielded uninformative posterior distributions of divergence time with no single clear peak. We were able to obtain clear peaks for reported parameters in some comparisons by reducing the number of parameters in the analysis by assuming symmetric migration, a single population mutation parameter, or both. We report parameter values only for comparisons yielding a clear peak in the posterior distribution. In most cases, the posterior distribution of divergence time was not contained within the prior distribution as long tails occurred at low levels of probability. Hence, it is not possible to exclude divergence times much older than the peak estimate in these comparisons. However, posterior probability for more recent divergences is zero under an isolation-with-migration model, and the lower bound on divergence time estimates should yield a conservative test of whether divergences exceed the LGM. Although we were unable to obtain a clear peak for the comparison between populations of C. v. ovinus, point estimates of divergence times between populations of F. h. macrolepidotus were similar to those obtained under an isolation model, and all predated glacial withdrawal following the LGM (Table 2 ). However, under the isolation-with-migration model, the lower bounds on the majority of divergence time estimates also were older than the LGM. In agreement with genetic differentiation analysis, estimated migration rates between populations were low ( Table 2) .
Mitochondrial Haplotype Variation
Within the formerly glaciated range of F. h. macrolepidotus as defined by Morin and Able (1983) , forty-two distinct haplotypes were recognized. A 43rd was discriminated based on indel variation. Ambiguous connections in the network represent homoplasy in the data and were resolved according to Crandall and Templeton (1993) . Ambiguous connections were largely attributable to 5 (of 24) variable sites where many changes are inferred to occur under a parsimony criterion. The F. h. macrolepidotus haplotype inferred to be ancestral under parsimony was located centrally in the network (Figure 2 ) and was found at each site sampled. This is numerically the most common haplotype in F. h. macrolepidotus, occurring in 161 of 328 individuals. This haplotype is the most common haplotype at 8 sites, where it occurs at frequencies of 0.53-0.86 ( Figure 1A ). It is also the most common (86%) of the 14 northern clade haplotypes found in F. h. heteroclitus at the WMNJ site. The second most common haplotype occurs in 40 individuals across 8 sites, where it ranges in frequency from 0.06 to 0.47. The third most common haplotype is found only at 2 sites in Cape Cod Bay (BSMA and WLMA), whereas the fourth most common is found only at WSME and is hence a private haplotype. There are a total of 33 other private haplotypes, and 12 of 13 sites contain private haplotypes, at frequencies ranging from 0.03 to 0.8. There were no private northern clade haplotypes sampled from individuals of F. h. heteroclitus at the WMNJ site.
In contrast, only 2 haplotypes were found in all 5 formerly glaciated sites sampled for C. v. ovinus. There were no private haplotypes in any formerly glaciated populations as both haplotypes were also found in the more diverse WMNJ (4 total haplotypes) and TTNJ sites ( Figure 1B) . Among formerly glaciated sites, 1 haplotype was most common in 2 coastal non-Narragansett Bay sites (86% of sequences at WQCT and 95% of sequences at WFMA). The remaining sequences obtained from these sites were the For isolation-with-migration analyses, results represent full 6-parameter model unless specified: j7 5 one migration parameter (symmetric migration), j67 5 one migration parameter and one population mutation parameter (h 5 N e l).
Narragansett Bay haplotype, which was fixed in all 3 bay populations.
Mitochondrial Diversity within and among Populations
The highest haplotype and nucleotide diversities among F. h. macrolepidotus populations were found along the southeastern coast of New England (Table 1 ; Figure 3A ), decreasing to both north and south, when considering the population of northern clade haplotypes from WMNJ. If all sites are considered, there is no significant northward decrease in either haplotype (r 2 5 0.115, P 5 0.236) or nucleotide (r 2 5 0.002, P 5 0.891) diversity. However, when only Figure 2 . Parsimony network of mitochondrial haplotypes in Fundulus heteroclitus macrolepidotus. The square labeled H1 denotes the inferred ancestral haplotype. Black circles indicate haplotypes found at more than one site, whereas white circles denote private haplotypes. For private haplotypes, the location is listed after the haplotype number. Location abbreviations are found in Table 1 . Due to large sample sizes for some haplotypes and substantial differences in the frequencies of common versus singleton haplotypes, circles and squares are not scaled in size to haplotype frequency.
sites within the range of F. h. macrolepidotus were considered, eliminating West Mantoloking, there was a significant decline in haplotype diversity with latitude (r 2 5 0.390, P 5 0.022) but not in nucleotide diversity (r 2 5 0.065, P 5 0.400). The pattern of genetic differentiation among sites identified 5 genetically isolated groups. Four are strongly restricted in distribution to single sites or to 2 nearby sites (BSMA and WLMA) in Cape Cod Bay. Only the fifth group identified contains individuals drawn from more than 2 sites, ranging from Connecticut to central Maine, and also including individuals with northern clade haplotypes sampled at WMNJ. Within this group, a highly significant decrease in both haplotype diversity (r 2 5 0.795, P 5 0.003) and nucleotide diversity (r 2 5 0.823, P 5 0.012) with latitude is found ( Figure 3B) . However, addition of the WMNJ site renders the result insignificant for both haplotype diversity (r 2 5 0.109, P 5 0.386) and nucleotide (r 2 5 0.093, P 5 0.424) diversity. Considering only this group of populations, the most common haplotype in the dataset increases in frequency with latitude from around 60% in southeast New England populations to greater than 80% in the most northern populations, although this trend is not significant (r 2 5 0.339, P 5 0.130). The frequency of private haplotypes also decreases significantly among sites northward within this group (r 2 5 0.585, P 5 0.027). Similar trends are observed moving southward from southeastern New England as the frequency of the most common haplotype increases to 86% and the frequency of private haplotypes decreases to 0.0% considering only northern clade haplotypes sampled at WMNJ.
A marked decrease in both haplotype diversity and nucleotide diversity is observed in C. v. ovinus northward from New Jersey (Table 1 ; Figure 3C ), and both diversity measures are significantly clinal with latitude (haplotype diversity: r 2 5 0.700, P 5 0.019; nucleotide diversity: r 2 5 0.872, P 5 0.002).
Historical Demography
Thirteen of fourteen sites sampled for F. h. macrolepidotus showed a negative Fu's F s , indicating an excess of rare haplotypes (Table 3) . Nine of these values were significantly negative and 7 remained so after a Bonferroni correction for multiple tests, including 5 populations south of Cape Cod. Values of Fu's F s were also calculated for the pooled Cape Cod Bay samples (BSMA and WLMA) as no evidence of genetic differentiation was found between these sites, satisfying an assumption of this test (Wayne and Simonsen 1998 ). Fu's F s was significantly negative for Cape Cod Bay (F s 5 À6.285, P 5 0.001). Values of the maximum likelihood population growth parameter estimated in Fluctuate version 1.4 were consistent with Fu's F s in that each site had a large positive growth rate, with 2 exceptions (Table 3) . The value for Cape Cod Bay was also strongly positive. Estimated times to 1% of the current population size under an exponential growth model ranged from approximately 93 to 18 thousand years before present (Table 3 ). The lower 95% confidence limit on t 1% exceeded the LGM for most populations and for the pooled Cape Cod Bay sample.
Results from C. v. ovinus (Haney et al. 2007 ) also showed evidence of population growth, although the WFMA population appeared to be contracting. Neither population for which data were obtained for this study showed any variation in mitochondrial sequence data, and hence, neutrality tests and growth models could not be applied.
Isolation by Distance in Mitochondrial DNA Sequence Data
The correlation between genetic (F st /1 À F st ) and geographic distance (km) was significant over all populations of F. h. macrolepidotus from WQCT to MBNB (r 2 5 0.338, P 5 0.027) and was also significant when Kimura-2-parameter distances among populations were used (r 2 5 0.336, P 5 0.008). A similar pattern is found if the northern haplotypes from the WMNJ site are included in the analysis (F st /1 À F st : r 2 5 0.288, P 5 0.026; K2P: r 2 5 0.169, P 5 0.068). However, if we exclude the 4 strongly differentiated sites (NARI, BSMA, WLMA, and WSME) from the analysis, assuming a lack of gene exchange and an independent evolutionary trajectory, no significant relationship between genetic and geographic distance occurs among the 8 remaining sites ranging from Connecticut to Maine (F st /1 À F st : r 2 5 0.036, P 5 0.869; K2P: r 2 5 0.007, P 5 0.651), and the slope of the relationship is negative.
There is no evidence for a significant relationship between geographic and genetic distance in C. v. ovinus from all sites within formerly glaciated regions (r 2 5 0.108, P 5 0.106) or when all sites ranging from TTNJ to WFMA are considered (r 2 5 0.118, P 5 0.071).
Microsatellite Data: C. v. ovinus
The 3 microsatellite loci scored showed high levels of variability, with the total number of alleles at a locus ranging from 30 to 41 (Table 4) . Six of fifteen population-by-locus tests for Hardy-Weinberg equilibrium were significant, 5 of them involving the 2 New Jersey populations (WMNJ and TTNJ).
Across the 3 loci, a total of 36 private alleles occur, 9 at GATA2, 15 at GATA26, and 12 at GATA73. In all, 25 of these 36 private alleles occur in the 2 New Jersey populations, with the remaining 11 occurring in formerly glaciated sites. A total of 11 other alleles occur at 2 or more glaciated sites but do not occur in nonglaciated sites in New Jersey for a total of 22 alleles restricted to sites in formerly glaciated regions.
Overall, R st averaged over loci was 0.089, and an exact test for genetic differentiation involving all loci and all sites was highly significant (P , 0.001). Pairwise R st ranged from À0.0122 between the 2 New Jersey sites to 0.3187 between WQCT and WFMA. All pairwise exact tests were significant after Bonferroni correction with the exception of the comparison between TTNJ and WMNJ.
Both expected heterozygosity and AR decrease with latitude in the combined microsatellite dataset, although the decrease in expected heterozygosity is only marginally significant (EH: r 2 5 0.742, P 5 0.060; AR: r 2 5 0.789, P 5 0.044).
When all populations, including those south of the furthest glacial extent, were included in the analysis, IBD is not significant (r 2 5 0.103, P 5 0.097). However, there is Table 4 . Sample sizes, variability measures, and inbreeding coefficients per locus and population for 3 microsatellite loci Shown are number of diploid individuals analyzed (N), expected heterozygosity (H E ), allelic richness (AR), and F is as estimated by f (Weir and Cockerham 1984) . Significance levels of population-by-locus tests of Hardy-Weinberg equilibrium were determined by 5000 randomizations of alleles among individuals for each locus. Values significant after standard Bonferroni correction are marked with an asterisk (P , 0.0033). significant isolation by distance when only populations sampled within glaciated areas are analyzed (r 2 5 0.655, P 5 0.042).
Discussion
Although the 2 subspecies of estuarine endemic fishes examined in this study share a similar life history and are often found in sympatry, patterns of mitochondrial genetic variation indicate a different Pleistocene distributional history. In formerly glaciated regions, 5 genetically distinct groups were apparent in F. h. macrolepidotus. Four of these groups appear very restricted in distribution, occurring at single, or at most 2, sites. Furthermore, timings of separation of distinct populations restricted to glaciated regions in F. h. macrolepidotus are older than the most recent glacial maximum, particularly under an isolation-withmigration model (Table 2 ). It should be noted that multiple pairwise comparisons employed to obtain these estimates likely violate an assumption of the model of population splitting instituted in the IM program (Won and Hey 2005) , and estimates of population parameters using a pairwise coalescent approach can be affected if there is gene flow from unsampled populations in any comparison. However, this should not affect the broad result reported herein that divergences between some populations within glaciated regions predate the LGM. Timings of population establishment under an exponential growth model provide further support for an origin of most formerly glaciated populations of F. h. macrolepidotus predating the LGM (Table 3) .
In contrast, the divergence time for the differentiated Narragansett Bay (NBRI) population of C. v. ovinus postdates glacial withdrawal, although the upper bound on the estimate is older than the LGM, and we cannot completely rule out the possibility of persistence of a restricted population through glacial cycles in C. v. ovinus.
Levels of diversity among populations in the 2 subspecies are consistent with relative divergence times. Fundulus heteroclitus macrolepidotus populations in formerly glaciated sites were genetically diverse, with numerous mitochondrial haplotypes found only in glaciated areas ( Figure 2 ); yet, no haplotypes are restricted to glaciated regions in C. v. ovinus. The highest levels of mitochondrial diversity in C. v. ovinus occur south of the glacial margin in 2 New Jersey populations, with a strong cline in genetic diversity northeast into coastal southern New England. New England sites contain only a subset of the southern diversity, consistent with founder effects due to serial bottlenecking during recolonization (Hewitt 2000) . A pattern of isolation by distance is found across all sites in glaciated areas for F. h. macrolepidotus but not for C. v. ovinus.
The mitochondrial data thus support the scenario proposed by Adams et al. (2006) to explain patterns of microsatellite variation in F. h. macrolepidotus, wherein populations have persisted within the margin of glaciated terrain through at least some glacial advances. In contrast, the data for C. v. ovinus suggest recolonization of these areas from the south after the most recent glacial withdrawal. Hence, of the 3 possible combinations of response to Pleistocene glaciation among the 2 subspecies examined, the third combination, differential response, is best supported by the data.
However, although F. h. macrolepidotus appears to have been able to persist in formerly glaciated regions during periods of maximum glacial extent, in this study, we also found evidence for past changes in distribution and abundance in the pattern of mitochondrial variation. Diversity decreases southward from the southern New England to the West Mantoloking, NJ site, which, unlike formerly glaciated populations, contains no private haplotypes, but rather a subset of variation that occurs within formerly glaciated regions, and appears to be recently established. This suggests that northern haplotypes found in the zone of admixture between the 2 subspecies are the result of recent colonization from the north.
There is also evidence that suggests the possible signature of an older range expansion event within glaciated regions. A cline in genetic diversity exists for all sites and is pronounced when considering only a set of 8 undifferentiated, widespread sites ranging from highly diverse southeastern New England to northern New England (Figure 3 ). Across these sites, the frequency of private haplotypes decreases significantly with latitude, consistent with more recent establishment of northern populations in this group. There is no significant relationship between geographical and genetic distance for these sites, although the partitioning of sites for this analysis is post hoc and must therefore be viewed with caution. The 2 most northerly of these sites sampled, in Scarborough and Newcastle, ME, have estimated dates of establishment that range from just prior to, to just after, the LGM, and these are the most recent origins among all formerly glaciated populations (Table 3) . This suggests a range expansion from southern into northern New England, but one that was likely initiated prior to glacial withdrawal. Significantly negative Fu's F s and/or strongly positive growth rates at several sites also point to changes in population size, specifically growth, in conjunction with distributional shifts.
Hence, although the presence of geographically separated genetic isolates does suggest a persistent wide distribution during glacial periods, this persistence may have involved multiple coastal refugia instead of a continuous distribution. Some regions of the current range of F. h. macrolepidotus may have been depopulated at certain times in the Pleistocene and then recolonized.
As both microsatellite and mitochondrial sequence data are now available from both subspecies (Adams et al. 2006 ; this study), it is possible to investigate how combining data from markers that vary in properties such as ploidy and mutation rate within a comparative framework can allow for a fuller understanding of the Pleistocene evolutionary history of estuarine fishes. In C. v. ovinus, both mitochondrial and microsatellite loci indicate a recent range expansion from a southern refugium, adding weight to this demographic hypothesis. However, the occurrence of isolation by distance between populations in glaciated regions may suggest that equilibrium between mutation, migration, and drift may have been established on small spatial scales for microsatellite loci, consistent with recovery of variation due to higher microsatellite mutation rates. Furthermore, as significant genetic differentiation occurs between populations at these loci, some separated by only tens of kilometers, current gene flow may be quite restricted.
Analysis of microsatellite loci from F. h. macrolepidotus in a previous study (Adams et al. 2006) led to a proposed scenario in which F. h. macrolepidotus persisted in stable populations throughout much of its current range in glaciated areas. However, additional data from mitochondrial DNA indicate that population growth and range expansion may also have been important processes in the Pleistocene history of F. h. macrolepidotus. The differences in interpretation likely arise from the differing properties of the loci from which observed patterns are measured, together with more extensive sampling in this study. Although microsatellites used in population studies often have high mutation rates, those from Adams et al. (2006) were selected for low variability. Levels of polymorphism in populations of the northern subspecies in particular were quite low, with average AR in the range of 2-3 (Adams et al. 2006 ; Figure 2) , and no private alleles were found in northern populations, presumably due to low mutation rates at the loci sampled. The higher levels of variability found in mitochondrial sequence data collected for this study provide a rich complementary source of information in relation to past population process. Higher mitochondrial mutation rates may allow the recognition of more recent demographic events, and the generally lower effective population size of mitochondrial DNA may make it a more sensitive indicator of changes in population size (Fay and Wu 1999) .
The results presented here show that 2 species with broad ecological similarities can exhibit different Pleistocene distributional histories. This difference does not appear to be due to different capabilities for dispersal in formerly glaciated regions. Both species show evidence for low gene flow and significant genetic differentiation on small spatial scales and lack an overt dispersive phase in their life history. Rather, the difference in range through formerly glaciated regions may be due to differences in ability to persist in these regions during times of altered climate. There exists indirect evidence that tolerance of low temperatures differs between these 2 species besides population genetic evidence for glacial persistence. The current range limit of C. variegatus occurs near a steep temperature gradient north of Cape Cod. This temperature break has been proposed to act as a boundary to range expansion to many southern species (Allee 1923) . A recent study in fiddler crabs provided evidence that cooler water temperatures as found north of Cape Cod block the development of larvae (Sanford et al. 2006) , indicating that for some species larval temperature tolerance acts as a barrier to range expansion. This presents a testable hypothesis to account for current and historical range differences in these 2 tidal marsh fish species. Second, both species exhibit allozyme clines, which in Fundulus are due, at least in part, to temperature-based selection on some loci (Ropson et al. 1990; Powers and Schulte 1998) . However, in C. variegatus, these clines are centered around 33°N latitude (Darling 1976) , far south of where they occur in F. heteroclitus. If temperature-based selection contributes to these clines, this latitudinal difference suggests that fitness differences at these loci occur at a different temperature range in C. variegatus than in F. heteroclitus. As F. heteroclitus is being developed as a platform for environmental genomics and the study of local and regional adaptation (Burnett et al. 2007 ), C. variegatus may prove a useful complement in such studies.
Funding
National Oceanic and Atmospheric AdministrationNational Estuarine Research Reserve System fellowship and a Rhode Island EPSCoR fellowship to R.A.H and National Science Foundation (DEB 0108500 and 0343464) to D.M.R.
